The impact of prenatal alcohol exposure on memory and brain development was investigated in 92 African-American, young adults who were first identified in the prenatal period. Three groups (Control, n=26; n=36; and Dysmorphic, n=30) were imaged using structural MRI with brain volume calculated for multiple regions of interest. Memory was measured using the Verbal Selective Reminding Memory Test and its nonverbal counterpart, the Nonverbal Selective Reminding Memory Test, which each yielding measures of learning and recall. For both Verbal and Nonverbal Recall and Slope, linear trends were observed demonstrating a spectrum of deficits associated with prenatal alcohol exposure. Dysmorphic individuals performed significantly poorer than unexposed controls on 5 of 6 memory outcomes. Alcohol-exposed individuals demonstrated significantly lower total brain volume than controls, as well as lower volume in a number of specific regions including hippocampus. Mediation analyses indicated that memory performance associated with effects of prenatal alcohol exposure was mediated from dysmorphic severity through hippocampal volume, particularly right hippocampus. These results indicate that the association between the physical effects of prenatal alcohol exposure and deficits in memory are mediated by volumetric reduction in specific brain regions.
FASDs and their comprehensive impact on affected individuals, there is still a limited literature on the nature of the neuropsychological outcomes and brain-behavior relationships in adults. In the present study, we explored the association between the impact of prenatal alcohol exposure on physical features including brain volume and on learning and memory in alcohol-affected young adults whose prenatal exposure was documented and quantified.
Prenatal alcohol exposure and memory
Both human studies (e.g., Mattson, Riley, Gramling, Delis, & Jones, 1998; Pei, Rinaldi, Rasmussen, Massey, & Massey, 2008; Streissguth, Bookstein, Sampson, & Barr, 1989 ) and animal models (Becker, Randall, Salo, Saulnier, & Weathersby, 1994; Driscoll, Streissguth, & Riley, 1990) have shown associations between poorer performance on learning and memory tasks and prenatal alcohol exposure. Currently, the preponderance of evidence suggests that alcohol exposure affects the encoding, or learning, aspect of memory rather than retrieval of previously-learned material (e.g., Coles, et al, 1991; Kerns, Don, Mateer & Streissguth, 1997; Mattson, et al., 1996; Willford, Richardson, Leech, & Day, 2004) . The finding of deficits in initial encoding implicates the hippocampus which is known to be associated with episodic memory and encoding, particularly of spatial information. (For review of prenatal alcohol exposure and hippocampal functioning, see Berman & Hannigan, 2000.) However, there is also evidence that deficits shown by alcohol-affected individuals are more significant when mnemonic strategy use is required for effective performance, implicating deficits in metamemory development and/or executive functioning. Compared to typical controls, both children and adults prenatally exposed to alcohol show differences in the frequency and type of strategies used to encode information. In the Kerns et al (1997) study, adults with FAS used less semantic clustering and made more frequent intrusion errors on a word-list verbal learning task. Similarly, children with FASD showed deficits in their use of serial and semantic clustering, and this lack of strategy use was correlated with poorer memory performance (Roebuck-Spencer & Mattson, 2004) . In addition, differences in learning slopes have been reported by Mattson and Roebuck (2002) , suggesting that nonexposed children learned information at a faster rate compared to those prenatally exposed to alcohol (Mattson & Roebuck, 2002) . In that study, learning slope differences were taskdependent, and slower rates were observed on verbal but not nonverbal tasks. The researchers suggested that poorer performance resulted from less frequent use of available encoding strategies during the verbal task by the clinical group (although this explanation would not account for the similar performance on the nonverbal task). Thus, there is evidence that the encoding deficits demonstrated in FASD may be influenced by those areas of the brain that support executive functioning, that is, the frontal regions. If deficits in frontal regions contribute to encoding deficits, such effects should be more apparent in young adults than in children whose frontal lobes are less mature.
Although there is an extensive animal literature, there are as yet only a few human studies that have examined the impact of prenatal exposure on the relationship between brain structure and functioning. Animal studies have reported deficits in spatial memory associated with hippocampal volume reductions (Berman & Hannigan, 2000; Klintsova, Helfer, Calizo, et al, 2007; Livy, Miller, Maier, & West, 2003) but cannot provide evidence regarding verbal memory deficits. The single human study on the relationship between hippocampal structure and memory in FASD was recently published by Willoughby, Sherd, Nash and Rovet (2008) . These authors found a relationship between hippocampal volume, verbal learning and both verbal and spatial recall in clinically-referred children and concluded that observed deficits in memory function shown by alcohol-exposed children could be attributed to long-term abnormalities in hippocampal development. They also speculated that normal age-related increases in hippocampal volume were reduced by alcohol-exposure. While consistent with expectations about the nature of this relationship, there are some limitations in these results due to sample characteristics and the necessarily correlational nature of such research. First, only the left hippocampus was found to be affected in the alcohol group while it was the right hippocampus that showed the most significant correlations with memory function. In addition, there was a more than 40 point difference in ability scores (i.e. IQ) between the FASD and the Contrast groups, raising concerns that the observed effects may have been secondary to global differences in cognitive abilities or to the conditions that led to these intellectual differences. Finally, the authors' conclusion that there is an alcohol-exposure related failure in the growth of the hippocampus during later childhood is inconsistent with some reports (Giedd, Vaitzus, Hamberger, Lange, Rajapakse, & Kaysen, et al., 1996; Yurgelun-Todd, Kilgore, & Cintron, 2003) that the hippocampus does not substantially change in volume during this period. However, it is known that reductions in hippocampal volume are associated with certain environmental factors, such as stress (Bremner, 2006) , which may have affected results in the clinical group investigated. These limitations are acknowledged by the authors who urged more attention to this understudied area.
Several studies have used functional MRI to evaluate the relationship between performance on verbal and spatial learning tasks and certain frontal regions in alcohol-exposed samples. Using memory tasks in fMRI protocols, Sowell and her colleagues (O'Hare, Lu, Houston, Bookheimer, Mattson, O'Connor, & Sowell, 2009; Sowell, Lu, O'Hare, McCourt, Mattson, O'Connor, & Bookheimer, 2007; Sowell, Mattson, Kan, Thompson, Riley, & Toga, 2008) have reported associations in children with FASD between activation in certain frontal regions (i.e., right dorsal frontal cortex) and verbal paired associate learning and on a standardized list learning task. Similarly, Malisza, Allman, Shiloff, Jakobson, Longstaff, & Chudley (2005) found associations between frontal activity (inferior-medial frontal; orbital gyrus) during working memory tasks in both adults and children with FASD.
In the current study, we examined the relative contribution to memory performance of different brain regions known to be associated with encoding and strategy use in alcoholaffected young adults. Although it is clear that most of the cortex contributes to effective learning, the primary anatomic substrates of memory have been identified from both animal and human studies. The medial temporal regions (specifically the hippocampus, as well as entorhinal and parahippocampus and fusiform gyri) are known to be associated with learning and memory (Van Petten, 2004) . The role of the hippocampus in encoding, consolidation and retrieval of episodic memory is well described (Squire, 1998; Kramer, et al. 2005; Van Petten, 2004 ) and damage to structures in this region interferes with episodic memorization. The direct contribution of the frontal regions to memory function appears to be more related to executive functioning; that is, allocation of mental resources and the application of strategies to deal more efficiently with learning tasks (Wheeler, Stuss, & Tulving, 1995) and the storage and retrieval of long term memories (Smith & Squire, 2009 ). Memory performance therefore may be dependent on the effectiveness of such strategies. Thus, it can be hypothesized that in alcohol-affected individuals who have microcephaly and demonstrate memory deficits, volume reductions in the medial temporal regions including the hippocampus and frontal regions should be present, and these reductions may, in turn, be related to poorer performance on tasks of memory and learning. Further, we hypothesized that reductions in specific brain regions associated with memory function, specifically medial temporal and frontal regions, would be associated with decrements in recall and learning rate. We anticipated that hippocampal volume would be associated with both recall and learning rate and that volume of frontal regions would be associated with recall, particularly of verbal material. Finally, because both brain volume and observable physical features are presumed to result from the impact of prenatal alcohol exposure during embryonic and fetal development, we hypothesized that there would be a significant relationship between the severity of physically observable alcohol effects (that is, dysmorphic features) and both brain volume and memory function, with brain volume mediating this relationship.
Method Participants
The sample included 92 young adults participating in a longitudinal study of the effects of prenatal alcohol exposure on development. Mothers of participants were recruited between 1980 and 1986 from an urban hospital serving a predominantly African-American, low income population. All women applying for prenatal care were screened for the quantity and frequency of alcohol use during pregnancy. Those who reported consuming at least one ounce of absolute alcohol per week (equivalent to two drinks) and those who reported consuming no alcohol while pregnant were invited to participate in the initial study. No financial incentives were offered at recruitment. Amount of alcohol consumed by those who met criteria for inclusion as drinkers ranged from 1 to 75 ounces of absolute alcohol per week (oz/AA/wk) with an average of 10.3 oz/AA/wk (that is, more than 20 drinks a week). Alcohol use was determined by self report as biological measures often used to confirm such use in other circumstances are unreliable in pregnancy. The mothers who drank during pregnancy were advised that it could have negative health consequences for the baby and that they should stop. Those who agreed were provided with referrals to treatment programs.
Infants meeting inclusion criteria were enrolled at birth and have been evaluated periodically since that time. At the postnatal examination, infants were assessed for growth patterns and presence of dysmorphic physical features related to prenatal alcohol exposure (Coles, Smith, Fernhoff & Falek, 1985) . In evaluations completed at seven years of age, at midadolescence, and as part of the protocol for the current young adult follow-up, participants were again assessed for physical features using the Dysmorphia Checklist (Coles, Fernhoff, Lynch, Falek, & Dellis, 1997) . This Checklist, which was developed for use in the initial infancy study, is similar to that used by other investigators (Jones, et al. 2006; Holme et al, 2005) . It was administered without knowledge of the participants' alcohol exposure status by a pediatric geneticist or a nurse trained by the geneticist and included a weighted list of 30 physical characteristics associated with prenatal alcohol exposure. Those that are considered to be sentinel features of FAS (e.g., absent/indistinct philtrum; short palpebral fissures) are weighted as "3" while other characteristics that are observed in FASD may be weighted as 2 (e.g., ptosis, hypoplastic mandible ) or 1 (e.g., clinodactyly). Weighted scores are then summed to yield a total "dysmorphia" score. Validity of this measure has been measured via correlation with alcohol use levels reported by mothers ) and reliability via test-retest assessments in a clinical setting (Blackston, et al., 2004) . This measure has been used consistently throughout this longitudinal study. At each follow-up, participants also completed tests of intellectual ability (e.g., Wechsler, 1991; Wechsler, 1999) .
For the young adult follow-up, 108 individuals were selected for imaging and, of these, 92 had useable data. The sample in this paper includes three groups of participants: 1) Control (n=26): Participants whose mothers did not consume alcohol during pregnancy; 2) Dysmorphic (DYSM; n = 30): Participants who were exposed to alcohol prenatally and received a checklist score at least one standard deviation above the mean of the sample of all participants; and 3) Alcohol Exposed (ARND, n = 36): Participants who were exposed to alcohol prenatally, but whose dysmorphia scores were less than one standard deviation above the mean of the sample and whose intelligence test scores (Wechsler, 1991; Wechsler, 1999) at the mid-adolescent or young adult follow-up were in the same range as those in the Dysmorphic group (that is, IQ <84, which is 1 standard deviation less than the population mean). This selection process assured that imaging sessions were completed for those who showed cognitive effects of prenatal exposure even though physical effects were not apparent. Using the Institute of Medicine's (IOM: Stratton, et al, 1996) nomenclature, they are designated as having "alcohol related neurodevelopment disorder-ARND". Sixteen of the 108 participants who were imaged were excluded for the following reasons: Left handed (1 excluded from the Control group and 1 from the ARND group); Poor quality images: (3 excluded from the Control group, 8 from the Dysmorphic group, and 3 from the ARND group).
Procedure
Eligible participants from the longitudinal cohort were contacted by mail or phone concerning the young adult wave of the follow-up study. Those who were interested in participating completed a consent procedure in which the study goals and procedures were explained and they were allowed to ask questions; consent forms approved by the Emory University School of Medicine Institutional Review Board were signed. During this process, the confidentiality of participants' mothers was protected; that is, no information about mother's alcohol or other substance use during the pregnancy of the now-adult child was revealed. For the evaluation visit, participants were transported by project outreach workers to the laboratory for a day-long evaluation which included an assessment of memory and ability, a medical evaluation, and an interview session. In addition to transportation, participants received lunch and compensation ($100 per session) for their time and effort.
Participants who were eligible for the imaging component based on group assignment and intelligence scores were screened for other factors that would exclude them from the imaging procedure. These factors included presence of metal in the body (e.g., pins, screws, braces on teeth, bullet fragments), pregnancy, extreme obesity, or claustrophobia. Women were asked to complete a pregnancy test on the day of the appointment. For the imaging session, participants were transported to the Emory campus. All participants completed a training session for the task used in the functional portion of the imaging session. When these procedures were completed, the participant was taken to Emory Hospital where the imaging session took place.
Measures
Structural Imaging and Data Analysis-For each participant, T 1 -weighted images were obtained on a 3.0 Tesla Siemens Magnetom TRIO scanner (Siemens Medical Solutions, Malvern, PA) with an MPRAGE sequence (TR = 2600 ms, TE = 3.02 ms, Flip Angle = 8°, voxel size = 1×1×1 mm 3 ). With these images, FreeSurfer (http://surfer.nmr.mgh.harvard.edu/fswiki, version 4.0.1) was used to automatically segment sub-cortical structures and cortical regions (Dale, Fischl, & Sereno, 1999; Desikan et al., 2006; Fischl, Sereno, & Dale, 1999; Fischl et al., 2002; Fischl et al., 2004) through FreeSurfer's troubleshooting reconstruction work flow (see details on: https://surfer.nmr.mgh.harvard.edu/fswiki/RecommendedReconstruction). During this procedure, manual edits were carried out to remove the optic nerve and part of the dura which was incorrectly segmented as grey matter. After the reconstruction was finished, volumetric data for the segmented cortical and subcortical regions were also automatically calculated by FreeSurfer. Of all these segmented areas, those most often associated with learning and memory were selected as the regions of interest (ROIs) and their volumetric data were used in further analysis.
Assessment of Learning and Memory-Learning and memory were assessed using the Verbal Selective Reminding Memory Test (VSRT) (Buschke and Fuld, 1974) and its nonverbal counterpart, the Nonverbal Selective Reminding Memory Test (NVSRT) (Fletcher, 1985) . We have reported on the results of these memory procedures in a previous paper (Coles, et al, 2010) and will describe these procedures briefly here. The VSRT requires an individual to recall a list of 12 unrelated words that are orally presented at the rate of 1 word every 2 seconds. The words are: Shine, Disagree, Fat, Wealthy, and Drunk, Pin, Grass, Moon, Prepare, Prize, Duck, and Leaf. Eight learning trials are presented. For each trial, the person is reminded only of those words that were not recalled correctly on the previous trial. The person is then asked to provide all the words on the list, including those that were previously recalled without reminders. The NVSRT consists of an array of dots that are presented in 8 separate boxes (See Figure 1) . The examiner points to a targeted dot in each of the boxes and the person is then required to point to the same dots during the recall trial. Similar to the procedure used with its verbal equivalent, the person is reminded on subsequent trials only of the targeted dots that were not recalled. Then they are required to recall all of the targeted dots, including those that were recalled previously without reminders. In this paper, the dependent variables include number of words/dots recalled immediately after the final learning trial, delayed recall (number of words/dots recalled after 30 minutes), and learning slope 1 as a measure of efficiency of encoding.
Assessment of Cognitive Ability-Cognitive ability (that is, IQ) was assessed using the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) . This is a short form of the most widely used measure of adult ability and demonstrates a high correlation with longer versions of this test. The WASI was administered as part of a larger neuropsychological battery by a psychologist or graduate student trained in assessment who was blind to alcohol group status.
Medical Evaluation. Dysmorphia Exam-A nursing examination was carried out for each participant. This included a screen of hearing and vision, a medical history, as well as completion of the Dysmorphia Checklist for this adult visit. Nurses carrying out the examination were trained by a geneticist familiar with the physical signs associated with prenatal alcohol exposure. Current scores were used for all analyses described in this paper. Alcohol Use. Alcohol abuse is often associated with memory deficits (Schottenbauer, Hommer, Weingartner, 2007) . For this reason, adult participants were interviewed regarding their own current alcohol and other drug use. They completed the Addiction Severity Index (ASI: McLellan et al, 1992) and the Drug Checklist (Coles, et al., 1992) . Information about alcohol use included a quantity/frequency measure that allowed calculation of ounces of absolute alcohol used each week (oz/AA/wk) as well as information about alcohol use history. In addition, urine samples were requested to screen for drug use, and blood samples were collected to evaluate the effects of alcohol on liver function. Laboratory tests were used to confirm self report.
Archival records-Information was obtained from archival records regarding maternal drug and alcohol use and results of previous measurements of participants' ability and physical effects of alcohol (i.e., dysmorphia checklist scores). These measures were used to initially categorize the groups for recruitment.
Data Analytic Plan
The purpose of this paper is to demonstrate that cognitive deficits found in individuals who were prenatally exposed to alcohol result from effects on brain volume and that observable physical effects of alcohol (dysmorphia) are indicative of underlying effects on brain. To test these hypotheses, it is necessary to demonstrate that exposed individuals have cognitive deficits, in this case, poorer memory performance, as well as reduction in volume in specific brain regions. It is also necessary to demonstrate a relationship between observable features associated with prenatal exposure and the proposed mediator (brain volume) and between the mediator and the memory outcome. In order to evaluate these hypotheses, we adopted the following analytic strategy.
Memory Performance-To examine the effects of prenatal alcohol exposure on learning and recall, we selected three indicators of performance for each memory test. These were: Total amount recalled at the final learning trial (Time 8) which should reflect participants' "best performance", learning rate (i.e., slope) which reflects a participant's encoding efficiency, and recall following a 30 minute delay which indicates the amount actually retained. Thus, there were 6 outcome variables, 3 each for the Verbal and the Nonverbal Memory Tests. Multivariate analyses of variance were used with these outcomes as the dependent variables and Exposure group (3: Control, Dysmorphic, ARND) as the independent factor. Analysis of the linear tread was included as a planned comparison, and Bonferroni procedures carried out post hoc to identify significant group differences.
Brain Volume-Volume of ROIs was obtained through an automated segmentation of T 1weighted images and multivariate analysis of variance, as described above, was used to examine the impact of prenatal exposure on brain volume. Candidate brain regions were selected a priori. In the Medial Temporal region, we included the hippocampus, entorhinal cortex, parahippocampal gyrus, and fusiform gyrus, which are associated with encoding and memory. In the Frontal lobes, we included areas from anterior (medial orbital frontal, superior frontal, frontal pole, parsobitalis, rostral medial frontal) and Medial Frontal (caudalmiddlfrontal, parsopercularis, parastrangularis) which are associated with working memory and the employment of memory strategies (Brown, McKone, & Ward, 2010; Churchwell, Morris, Musso, & Kesner, 2010) . GLM in SPSS 15.0 was used for statistical analysis. Because women have smaller brain volumes than men, gender was used as a covariate. Group (Control, Dysmorphic and ARND) was set as a between-subject factor. For regions showing the group main effect, pair-wise comparisons among the three participant groups were performed using the Least Significant Difference (LSD) method.
Brain/Behavior Relationships-To examine the extent to which brain volume accounted for variance associated with memory performance, the six indices of memory efficiency were used as dependent variables in a series of stepwise regression procedures with the volume of ROIs from the medial temporal and frontal regions (from both right and left hemispheres), as predictors.
Mediation Analyses-The final goal of the analysis was to demonstrate that the PAE effects on brain mediated the relationship between physical characteristics associated with prenatal alcohol exposure and memory performance. To test the hypothesis that volume reductions in specific brain regions mediate the relationship between observable physical characteristics of alcohol exposure (dysmorphic features) and memory outcomes, multiple mediation analyses were performed using Preacher and Hayes' (2008a) procedure. This procedure allows the evaluation of the indirect effect of two or more mediating variables at the same time with the significance of each proposed mediator evaluated in the context of the full model (Preacher & Hayes, 2008b) . In these analyses, a bootstrapping resampling strategy was employed with 5,000 bootstrap samples used. The models tested included physical characteristics of alcohol (dysmorphia score) as the independent variable (IV), memory outcomes (6 outcomes) as the dependent variables (DVs) and hippocampal volume and other candidate brain regions as potential mediating variables (MV). For each memory outcome examined, mediation analysis used those brain regions that the regression analyses had selected as contributing significant variance to that specific outcome. Coefficients showing the relationships between the independent variable, each mediating variable and the dependent variable were calculated as well as the total effect (IV plus MVs) on the DV, direct effect (IV minus MVs) on the DV, and the significance of total and specific indirect (Mvs) effects.
Results

Characteristics of the Study Sample
The demographic, physical and exposure characteristics of the study participants are shown in Table 1 . There were no significant group differences in gender, ethnicity, income, education, or current alcohol use. On the factors that characterize the effects of alcohol, dysmorphic features, ability level, and growth, the DYSM group was significantly different from the other two groups; these results were expected given the criteria for group assignment. Current alcohol use by adult participants was unrelated to memory performance or brain volume.
Memory
As shown in Table 2 , with the exception of Delayed Recall of Nonverbal items, all comparisons demonstrated significant differences in performance associated with Group with a significant linear tread in the expected direction. That is, the Control group showed the most and the Dysmorphic group the least efficient learning and recall, with the ARND group intermediate. For the five variables which showed differences, the Control group was always significantly better than the Dysmorphic group.
Brain Volume
Although there was an overall reduction in brain volume associated with the alcohol exposure group (F (2, 89) =3.82, p<.03) with many regions affected, we are concerned, in this paper, with those areas most often associated with learning and memory. Those brain regions that may affect memory function (regions of interest, ROIs) are shown in Figure 2 . Table 3 shows the results of the analyses listing both the Brodmann areas involved and the group differences in volume. For simplification, the volumetric data from the homologous regions in the left and right hemispheres were combined in Table 3 , although volumes in each hemisphere were also analyzed separately.
In these data, there were significant group differences in all areas except the entorhinal, the frontal pole and the parastrangularis. In most cases, the ARND group's data were intermediate between that of the unexposed controls and the dysmorphic group's results. This pattern of outcomes was also noted for the right but not the left hippocampus when these regions were examined separately (left hippocampus (LH): F (2, 89) =1.88, ns; right hippocampus (RH): F (2, 89) =5.82, p<.004). Several other medial temporal regions (right fusiform, F (2, 89) =6.07, p<.003; left (F (2, 89) =15.16, p<.000) and right (F (2, 89) =15.16, p<. 000) parahippocampal gyrus) showed specific differences associated with the alcohol group. Frontal regions did not show significant hemispheric differences related to group. Table 4 . All analyses yielded significant models. For Verbal Recall at Trial 8, the model accounting for most variance was significant (F (8,91 =4.75, p<.001) with an R of .647, and an R 2 of .419, suggesting that the predictive factors accounted for approximately 42% of the variance in verbal recall. For Nonverbal Recall at Trial 8, a similar procedure yielded a model that explained approximately 25% of the variance (F (8.91) =3.52, p<.001). Note that hippocampus and other Medial Temporal regions were all retained as predictors, while a cluster of frontal regions (Table 4 ) were retained in the Verbal but not the Nonverbal model. For Verbal Slope, only hippocampal ROIs entered the model with 8% of the variance accounted for, with R=.29, F (2, 91) =4.02, p<.02 and only right hippocampus was statistically significant (t=2.78, p<.007). For Nonverbal Slope, there was a similar pattern; however, in the full model, which accounted for 22% of variance (R=.47, F (9, 92) =2.59, p=.01), one frontal ROI (right frontal pole) was also significant (t=−2.62, <p<.01).
Brain/Behavior Relationships
Results of stepwise regression analyses are shown in
For Verbal Delayed Recall (Table 4) , the model accounting for most variance (R=.489, R 2 =.24, F (8, 91) =2.87, p<.006) had right hippocampus, left fusiform and right parsopercularis as significant predictors, that is, it included both Medial Temporal and Frontal regions. For Nonverbal Delayed Recall, the model (R=.487, R 2 = .24, F (8, 91) =3.23, p<.003) included only Medial Temporal ROIs, the right hippocampus and left entorhinal as significant predictors. A further set of regression analyses were carried out adding global ability level (Full Scale Intellectual Quotient, FSIQ: Weschler, 1999) to the predictors to determine whether memory efficiency could be attributed to global ability level. For Verbal Delayed Recall, IQ added significant variance (beta=.274, t=2.34, p<.02) to the other factors. For other memory outcomes, IQ did not add significant variance to performance beyond that accounted for by volume of candidate brain regions.
Evaluation of Mediation of Memory
Performance by Brain Volume-As shown above, analyses of memory performance and volume of brain ROIs indicated that both sets of outcomes were related to prenatal alcohol exposure. Regression modeling indicated that the volume in certain brain regions was associated with recall performance and the efficiency of learning (slope). A final step was to examine the hypothesis that memory efficiency was impacted by the effects of prenatal alcohol exposure acting through effects on brain, particularly on hippocampus. Based on the results of the regression analyses (Table  4) , the Preacher and Hayes procedure (2008a) was used to examine the extent to which volume in the hippocampus and other candidate brain regions in medial temporal and frontal regions mediated the relationship between dysmorphic features and memory outcome. The procedure allows the assessment of more than one mediator simultaneously. Each of the six memory outcomes was examined independently to see how the addition of specific mediators (brain volume ROIs) affected the relationship between the predictor (dysmorphic features) and the outcomes (recall and learning rate). Only those brain regions that regression models (see Table 4 ) found to be associated with a particular memory outcome were included in the mediation models (for example, see Nonverbal Recall-Trial 8 in Table  4 in which only right hippocampus is implicated).
Recall at Trial Eight-Verbal
Recall was examined in a series of mediation models because so many candidate regions contributed to the regression model. Only regions that had a significance level of less than .05 were considered. Right hippocampal volume was a significant mediator of recall (Effect=−.079. se=.027, z=−2.87, p<.004), but the fusiform region was not (Effect= .029. se=. 017, z=1.66, p=.10 For the nonverbal test, only RH volume was tested as a mediator since other brain regions did not show a significant relationship with the DV. It was found that the addition of RH significantly (Effect= −.041, se=.016, z=−2.52, p<.01) reduced the relationship (c path: Coefficient=−. 129, se=.034, t=−4.12, p<.0001) between the dysmorphic features and recall although this relationship remained significant (c' path: coefficient=−.089, se=.034, t= −2.72, p<.007) suggesting that other factors have not been identified.
Learning Slope-For verbal learning slope, both left and right hippocampal volume were tested as mediators as other brain regions did not reach significance in the regression model. In this analysis the significant relationship between dysmorphic features and learning efficiency (c path: coefficient=−.005, se=.003, t=−2.01, p<.05) was reduced to nonsignificance (c' path: coefficient=−.004, se=.003,t=−1.36,p=.18) when these factors were added, with both LH (effect=.005, se=.002, z=1.97, p<.05) and RH (effect= −.005, se=.003, z=−2.24, p<.03) being significant mediators to this relationship. For nonverbal learning slope, only RH was used as a mediator and was found to significantly (effect=−.003, se=. 001, z=−2.24, p<.03) affect the relationship between dysmorphic features and learning efficiency (c path: coefficient=−.007, se=.002, t=−3.02, p<.003; c' path: coefficient=−.004. se=.002, t=−1.82. p=.07).
Delayed recall-For verbal delayed recall, volume of the RH as well as left fusiform, from the Medial Temporal region and right parsopercularis from the Frontal region were included in the model. Before the addition of the mediators, a significant relationship was observed between dysmorphic features and delayed recall (c path: coefficient=. 117, se=. 051, t=−2.30, p<.03); with the addition of the mediators, this relationship was no longer significant (c' path: coefficient=−.075, se=.051, t=−1.47, p=.15). RH was found to be the significant mediator (effect=−.110, se=.036, z=−3.06, p<.002), with the other two regions only approaching significant level: left fusiform (effect=.037, se=.021, z=1.73, p=.08) and right parsopercularis (effect=.032, se=.018, z=1.73, p=.08).
For nonverbal delayed recall, RH and left endorinal cortex were entered as mediators. The significant relationship between dysmorphic features and delayed recall (c path: coefficient= −. 119, se=.033, t=−3.59, p<.0006) was reduced (c' path: coefficient=−.073, se=.034, t= −2.13, p<.04) by the addition of these mediators. However, only RH (effect=−.053, se=.02, z-2.63, p<.009) was identified as a significant mediator. Left endorinal cortex was not significant (effect=.007, se=.009, z=0.86, p=.39).
Discussion
The current studied examined the impact of prenatal alcohol exposure on brain development and memory function with the expectation that both would be impaired as a function of such exposure, and that the impact on the brain could be shown to mediate the relationship between physical features and cognitive outcomes. Although there has been an assumption that this relationship exists, it has not been demonstrated explicitly. Several previous studies have reported significant correlations between imaging findings and neurocognitive outcomes (O'Hare, et al., 2009; Malisza, et al, 2005; Sowell, et al. 2007; Sowell, et al. 2008 ). However, none has examined the role of observable physical effects of exposure in the complex brain-behavior relationship.
In the current study, individuals identified as alcohol affected had significantly smaller brains than those who were not exposed. Even the non-dysmorphic ARND individuals, who did not demonstrate behavior problems and who had no clinical diagnosis, could be discriminated from their age and SES-matched controls based on brain volume in several areas. The dysmorphic individuals demonstrated significant differences from the nonexposed controls in memory function on the majority of the measures investigated. This group performed more poorly than the nonexposed control group in terms of learning rate and amount recalled on both verbal and nonverbal tasks. However, examination of Table 3 suggests that, as suspected, there is a spectrum of impact. All of these outcomes demonstrated a significant linear trend, with the ARND group intermediate to the unexposed controls and the clearly affected dysmorphic group.
There was also an effect of dysmorphic status, a marker of the effects of alcohol exposure, on memory, and this was shown to be mediated by the size of the hippocampus. These results confirm those previously observed in animal models of FASD (Berman & Hannigan, 2000) and suggest that the physiological basis for this specific neurocognitive function, the ability to encode information, is impaired as a result of prenatal exposure. While volume of brain region is a crude measure that only suggests the way in which alcohol has affected brain development and, as a result learning rate and memory function, these results suggest that further research is warranted to understand how memory is affected by prenatal exposure and whether there are any ways in which individuals can compensate for these injuries.
Some research has suggested that nonverbal (or visual/spatial) memory is more affected by alcohol-exposure than verbal memory (Kaemingk & Halverson, 2000; Uecker & Nadel, 1998) . In contrast, the current results suggest that both verbal and nonverbal memory were affected equally and that these effects have a similar basis, an effect on the hippocampus, particularly the right hippocampus. Examining the role of other memory-related brain regions did not offer additional information. In this sample, right hippocampal volume was more affected than the left and it appeared to mediate many of the effects of alcohol on memory function. It may be assumed that the right hippocampus is more associated with nonverbal than verbal encoding and such a relationship may account for some of these findings. However, as noted by other authors (Smith & Squire, 2009; Wheeler, et al, 1995) , verbal memory often relies more heavily than nonverbal, on learned memory strategies to support encoding. Use of such strategies relies on functions supported by frontal regions so that, to the extent that such strategies are available to the individual, the learning process may be more or less effective. Thus, learning based on repetition or exposure (as is probably the case for both memory tasks used here) may be mediated directly by the hippocampus, while memory tasks that require strategy use may employ both hippocampus and frontal areas, a result that is suggested by the regression models in Table 4 . However, to evaluate this hypothesis would require a different type of memory task than was used in this study, one designed to require specific strategy use for effective memorization.
There are limitations in the current study. The sample was selected from a low income population and, for this reason, some of these results may not generalize to different populations. In addition, the sample included only those who were able to complete the imaging protocol. Thus, those most severely affected by alcohol may not have been able to participate. Only right handed individuals were included in the study. However, this restriction did not eliminate a great number of participants, and there was no systematic bias associated with group status. Finally, as in all prenatal exposure studies, the investigators did not have control over the administration of the drug nor over the behavior of individuals subsequent to enrollment. This is particularly true in a long-term study of this kind. Thus, it is possible that there are other factors influencing outcomes in the alcohol-affected group. We controlled these factors to the extent possible through the original subject selection process which allowed us to document the extent of alcohol and other drug exposure and to monitor other possible environmental confounders such as educational status and current alcohol use.
Although prenatal alcohol exposure is a leading cause of developmental and learning problems in the United States and world wide, there has been insufficient research examining neurodevelopment outcomes in a systematic manner. To some extent, this problem is the result of the difficulty inherent in finding appropriate research samples. In working with human samples, there are always limitations. Clinically-based studies are systematically biased in well known ways, and one advantage associated with the current study is access to a cohort of young adults whose prenatal exposure is well documented. Most other imaging studies of FASD have relied on clinical samples with retrospective reports of exposure that introduce a greater degree of variance than is present here. However, exposure samples of this kind often do not include the whole range of negative outcomes that may be apparent in those applying for clinical care. Having convergent data from different kinds of studies assures that results can be relied on.
These results strongly suggest that, even after more than two decades, learning and memory are impacted by prenatal exposure and that these effects are mediated through teratogenic damage to the developing brain that is not resolved with maturity. This study also provides evidence that, despite a spectrum of impact, individuals showing the physical effects of their exposure are more likely to demonstrate behavioral effects as well. For this reason, early identification is critical in order to implement appropriate interventions to facilitate positive outcomes and prevent secondary disabilities in this vulnerable population. Stimuli for the Nonverbal Selective Reminding Task. The task is to recall the targeted dot from each box. Brain regions (ROIs) examined in the current study. The cortical ROIs are shown on a cortical surface from the medial, lateral and inferior views. The sub-cortical ROI (hippocampus) is shown on a T 1 -weighted image. a If data for a variable are not available for some participants, the n used for the analysis is noted next to the variable name. b Two-way Group X Gender analyses of variance were completed for growth variables. In addition to group effects noted in table, gender was significant for adult weight and for adult head circumference.
No interaction effects were significant. c Recruitment occurred before the "cocaine epidemic" on the 1980s; "crack" use did not occur and frequency and amount of cocaine use was low.
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